We study the possibility that particle production during inflation could source observable gravity waves on scales relevant for Cosmic Microwave Background experiments. A crucial constraint on such scenarios arises because particle production can also source inflaton perturbations, and might ruin the usual predictions for a nearly scale invariant spectrum of nearly Gaussian curvature fluctuations. To minimize this effect, we consider two models of particle production in a sector that is only gravitationally coupled to the inflaton. For a single instantaneous burst of massive particle production, we find that localized features in the scalar spectrum and bispectrum might be observable, but gravitational wave signatures are unlikely to be detectable (due to the suppressed quadrupole moment of non-relativistic quanta) without invoking some additional effects. We also consider a model with a rolling pseudoscalar that leads to a continuous production of relativistic gauge field fluctuations during inflation. Here we find that gravitational waves from particle production can actually exceed the usual inflationary vacuum fluctuations in a regime where non-Gaussianity is consistent with observational limits. In this model observable B-mode polarization can be obtained for any choice of inflaton potential, and the amplitude of the signal is not necessarily correlated with the scale of inflation.
Inflation is currently the standard paradigm for solving the flatness, horizon and the unwanted topological relic problems in standard big bang cosmology. In addition, the quantum fluctuation of the inflaton field provides the seeds of inhomogeneity that seem to fit very well with the current observation on the Cosmic Microwave Background (CMB) and Large Scale Structure (LSS). A particularly important probe of the physics of inflation is provided by primordial gravitational waves (tensor fluctuations). A number of observational searches for gravitational wave perturbations are proposed or are currently underway; these may be probed through the B-mode polarization of the CMB [1] [2] [3] or, on smaller scales, through interferometers such as LIGO [4] , VIRGO [5] , DECIGO [6] , Einstein Telescope [7] , or LISA [8] .
During inflation, gravitational wave fluctuations are inevitably generated by quantum fluctuations of the tensor part of the metric. These have an amplitude controlled by
, where H is the Hubble scale and M p ≈ 2.4 · 10
18 GeV. The gravitational wave signal from vacuum fluctuations is detectable only when the inflaton field range is trans-Planckian [9] , which might be challenging to realize in a controlled effective field theory. Additional sources of Gravitational Waves (GW), which are uncorrelated with the usual quantum vacuum fluctuations, may be present in the early universe (see, for instance, [10] for a recent review). Two broad categories of mechanisms are:
1. Models involving phase transitions: For example, in first order phase transitions, vacuum bubble collisions [11, 12] and the subsequent turbulence [13] could source GW. The generation and decay of cosmic strings can also give rise to large GW [14] . Along similar lines, the self-ordering of a scalar field after a second order phase transition has also been considered [15] .
2. Models involving particle production: Generically the inflaton should be expected to couple to some additional degrees of freedom, as would seem to be necessary for successful reheating [16] [17] [18] [19] [20] . In this case, there is a natural possibility that the time-dependence of the inflaton condensate during inflation leads to the production of some other degrees of freedom which may, in turn, provide an important new source of GW [21] [22] [23] . A variety of different models have been proposed; see below for more discussion.
1
Given the importance of gravitational waves as a probe of inflation, it is important to understand if such mechanisms could be competitive with the usual spectrum of GW from vacuum fluctuations.
2
Any mechanism which is being invoked to source gravitational waves might also source scalar metric perturbations. Therefore, one must take care not to spoil the usual prediction of a nearly scale invariant spectrum of Gaussian scalar curvature perturbations. Sometimes this concern is evaded by restricting attention to effects that take place on the small scales relevant for interferometers where the scalar fluctuations are not strongly constrained. In this work we will mostly be interested in models of particle production during inflation, where gravitational waves are sourced on CMB scales. To test the feasibility of such scenarios, it is crucial to study also the spectrum and bispectrum of the scalar fluctuations, to ensure that these are consistent with observations. Models of particle production during inflation have received considerable attention in the literature; see for example [21] [22] [23] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . One class of models involves instantaneous bursts of particle production, leading to localized features in the cosmological perturbations. Early studies focused on the production of fermion [37] or scalar [38] particles, neglecting the feed-back of the produced quanta on the perturbations of the inflaton. In Ref. [39] it was however shown that this feed-back effect actually dominates observables for the case of scalar particle production. Ref. [39] considered a simple model where scalar χ particles are produced through a coupling g 2 ϕ 2 χ 2 to the inflaton, ϕ, using both lattice field theory simulations and also analytical methods. Models of this same type were subsequently analyzed in the context of trapped inflation [47] . More recently, models of instantaneous vector particle production have been studied in connection with GW at interferometer scales [21] . Several scenarios of GW from scalar and string production were instead studied in [22] .
Another possibility is that particle production occurs continuously during inflation. This is quite natural in the context of axion inflation [44] . Even in the simplest models of inflation driven by a single axion in slow roll on a smooth flat potential, pseudoscalar couplings ϕFF to gauge fields are ubiquitous. This interaction leads to a continuous tachyonic production of gauge field fluctuations during inflation. There are a host of interesting phenomenological signatures: observable equilateral non-Gaussianity [44, 45, 49] , GW at interferometer scales [21, 23] , and excess power at small scales [50, 51] . Additionally, backreaction effects in such models can assist inflation by dissipating the kinetic energy of the inflaton [43, 52] , analogously to warm inflation [34] and trapped inflation [47] . 3 In [54] [55] [56] a model of gauge field production through the scalar coupling I 2 (ϕ)F 2 was considered, in connection with primordial non-Gaussianity and, perhaps, magnetogenesis (this last application is problematic [56, 57] ).
Above we discussed some simple models of particle production during inflation where quanta are produced by a direct coupling between the inflaton and some additional degrees of freedom. In such a scenario the produced particles interact with the inflaton through couplings that are typically much stronger than gravitational. Hence, these produced particles will tend to source scalar curvature fluctuations much more efficiently than GW. It is not surprising, therefore, that the most stringent CMB constraints on such models often come from features and nonGaussianity in the scalar fluctuations, rather than from GW.
In this work, we investigate the possibility to source a significant GW signal on CMB scales without ruining the spectrum of curvature fluctuations. To minimize the impact on the inflaton fluctuations, we assume that particle production takes place in a "hidden" sector that is only gravitationally coupled to the inflaton. 4 We compute for the first time the scalar perturbations induced by the gravitational coupling, and we compare their phenomenological impact with that of the produced GW. Since gravitational interactions are unavoidable, the case we investigate can be thought of as a kind of "best case" scenario for the production of GW while minimizing the effect on the scalar fluctuations. Concretely, we will focus on two models involving the production of spin-1 particles:
1. Model I: Particle production takes place in a hidden sector where a local U (1) invariance is spontaneously broken by the expectation value of some complex scalar ψ. Here gauge fields are produced at an isolated momentnamely, when the mass of the gauge field crosses zero during the evolution of ψ -and we have localized features in the scalar spectrum and bispectrum, in addition to a localized feature in the tensor spectrum. For a single isolated burst of production, we find that observational constraints on the scalar perturbations exclude any interesting effect in GW. However, in a concrete model there may be many bursts of particle production and their resonance could enhance the effect. We note that this model could lead to interesting phenomenological signatures in the scalar fluctuations; localized features in the spectrum and bispectrum are discussed.
Model II:
Particle production takes place in a hidden sector where a rolling pseudoscalar sources gauge field fluctuations continuously. Here we find that GW from particle production can be competitive with the vacuum fluctuations, or even larger than the vacuum fluctuations, without violating observational bounds on nonGaussianity. In this model the primordial tensor spectrum can be detectable for any choice of inflaton potential (that is, also for small field inflation). In this model, GW from particle production are chiral. We show that parity violation in the tensor sector can be almost maximal, which provides a distinctive observable signature of this scenario; see also [46, 52] .
In summary: we find that the possibility to source interesting GW from particle production is rather model dependent. Even if particle production occurs in a hidden sector, coupled only gravitationally to the inflationary one, this is not a sufficient condition to ensure that observable GW can be sourced without ruining the scalar spectrum. On the other hand, we find that in some models GW from particle production can actually exceed the usual vacuum fluctuations. The reason for the smaller GW production in Model I with respect to Model II is that in Model I the gauge quanta are highly non-relativistic after their production, which suppresses their quadrupole moment. We verified that the same suppression takes place if, instead of gauge fields, the particles produced in this mechanism have spins 0 or 1 2 .
5 As we mentioned, a greater GW effect may be obtained for multiple instances of particle production, or for a more complicated evolution of the gauge field mass, or if the massive particles decay into massless ones short after they are produced [22] .
Therefore, due to the possibility of GW from particle production, a measurement of primordial B-modes does not necessarily constitute a measurement of the scale of inflation. Nor does a detectable B-mode signal necessarily require super-Planckian excursions in field space. Fortunately, as we discuss below, the produced GW may be distinguished from the vacuum signal, either by their localization at some given wavelength (assuming that Model I can be modified so to enhance the GW signal), or by their violation of parity.
In terms of observational prospects of gravitational waves on CMB scales, Model II is certainly more promising, as the gauge quanta are automatically relativistic and their quadrupole moment is not suppressed. While the focus of the present work is to examine the signatures and constraints of gravitational waves produced during inflation as a result of hidden sector particle production, the UV sensitivity of inflation motivates us to ask whether such models can be realized in string theory. Indeed, the 4D low energy spectrum of string theory contains a myriad of axion-like fields, e.g., those arise from the reduction of antisymmetric form fields on cycles of the internal space. These closed string axions couple to U (1) gauge fields on the worldvolume of D-branes via ϕFF couplings. The axion decay constant f one typically finds in string theory constructions is of the order of the GUT scale M GU T ∼ 10
16 GeV (see, e.g., [63, 64] ) which sits comfortably within the allowed window for consistency of our model (see eqs. (115) and (116)). It is not difficult to arrange the inflaton to have no direct coupling to the axion and the gauge field. We outline some ideas to realize Model II in string theory in the concluding section. We leave, however, a detailed study of these and other string theory embeddings for future work.
This paper is organized as follows. In Section II we develop a very general formalism which can be used to compute the effects of particle production on the scalar and tensor cosmological perturbation in a variety of models. In Section III we apply this formalism to Model I, discussed above. In Section IV we instead apply our formalism to Model II, discussed above. In Section V, we conclude. In Appendix A, we discuss the production of the longitudinal mode in Model I. This is the first time the longitudinal mode has been accounted for in a model of production of massive vector fields during inflation. In Appendix B, we discuss some details of the computation of the scalar perturbations for Model I. In Appendix C, we perform an analogous computation for Model II. In Appendix D, we discuss the production of massive fermion fields during inflation, and the amount of GW that they generate.
II. FORMAL EXPRESSIONS FOR OBSERVABLE CORRELATORS
We assume that quanta of a vector field are produced (either at some discrete moment t * , or throughout inflation) in a sector only gravitationally coupled to the inflaton. We are interested in computing scalar and tensor cosmological perturbations sourced by the vector quanta. The vector field can be decomposed as
where we have included only the transverse vector polarization (in Section III we actually study also the longitudinal polarization, as it is present, and may be relevant, in that model). Here λ are circular polarization vectors satisfying
, and normalized according to
In this section, we introduce the formalism for the correlators of the scalar and tensor perturbations sourced by this vector vector, under the assumption that the latter is only gravitationally coupled to the inflationary sector, and that it enters quadratically in the energy-momentum tensor. The discussion is divided in three parts; in Subsection II A we present the structure of the equations for the scalar and tensor perturbations in presence of the source; in Subsection II B we present the formal solutions, and the structures of the correlators; in Subsection II C we show how these expressions enter in observable quantities.
B. Formal solutions and correlators
The equation (8) is formally solved by
where Q X,v is the standard vacuum solution, obtained in absence of the vector source; the sourced term is instead
where the Green function is only given in the super-horizon regime −k τ 1. The two terms in (9) are uncorrelated. We are interested in the two and three point correlators of the sourced solutions. For the two point correlator, we find
where
In writing this expression, we Wick decomposed the A 4 correlator coming from J 2 , and then used the symmetry of theÔ Y,lm operator.
From (1) we then see that the two point correlator of the gauge field is formally of the type
The index (0, 0) on D indicates that no time derivative is acting on the modesÃ on the l.h.s. of (13) , and it is introduced for later convenience. Using the hermiticity of A µ (x), one can show that D
We show in the following sections that, in both models we study, D (σ) (0,0) becomes real and symmetric under τ 1 ↔ τ 2 for all times after the particle production.
Inserting (13) into (12) we obtain
Finally, we only need to compute the connected three point correlator of Q ϕ . Proceeding as for the two point function we obtain
C. Phenomenology
From the two point scalar correlator we obtain the power spectrum
The two solutions (9) are incoherent and therefore their power spectra add up. Recalling the standard slow roll result for the vacuum mode, and using the two expressions (11) and (15), we obtain
For the tensor mode, we show below that modes of different polarizations are uncorrelated. Starting from the decomposition (5), the power in each polarization is
Also in this case, the power of the vacuum and the sourced modes add up
The tensor-to-scalar ratio r is defined as
If the sourced term is absent, one recovers the standard vacuum slow roll result r v =
. However, we see that the sourced contribution can modify this result.
Finally, we are interested in the bi-spectum of the scalar modes, defined as
We disregard the contribution from the vacuum modes, as it is unobservable for standard slow roll inflation. Using (16) and (17) we obtain
In the following sections, we compute the bispectrum for equilateral configurations (which is where it is peaked in the models that we consider), and use it to define an equilateral nonlinear parameter [45] f N L,equil. eff. (k) = 10
III. MODEL I: VECTOR PRODUCED BY NON-ADIABATIC CHANGE OF ITS MASS
We consider a model where the sector in which particle production takes place has a local U(1) invariance spontaneously broken by the expectation value of a complex scalar Ψ:
The field ϕ is the inflaton field, which is assumed to be only gravitationally coupled to the Ψ − A µ sector. We work in the unitary gauge Ψ =
, where ψ is real. We assume that the background value ψ (0) (t) crosses zero at the time t * during inflation. Close to this time, the gauge field mass can be approximated by
For definiteness, we takeṁ * > 0. The (comoving) frequency of a gauge mode, ω = √ k 2 + a 2 m 2 varies nonadiabatically (ω > ω 2 ) when the mass vanishes. As we will show later, the gauge field modes that dominate the observational signatures have k ∼ √ṁ * . For such modes, the frequency changes nonadiabatically in the time interval ∼ t * ± 1 √ṁ * , provided that the expansion of the universe can be disregarded in this time interval. This is the case for
H . In the remainder of this Subsection we concentrate on the production during this interval, and disregard the expansion of the universe (we use physical and conformal time interchangeably). We can eliminate any reference to the scale factor by normalizing a (t * ) = 1. In the following Subsections the expansion is taken into account.
The non-adiabatic change of the frequency causes non-perturbative production of the gauge modes. To compute this, we decompose the vector field as in (1) . We further decompose the mode functions in positive and negative frequency modes
(the second line is the decomposition of the modes of the conjugate momentum to A i ). The decomposition (1) disregards the longitudinal vector mode; we compute this mode in Appendix A, and we discuss its effects below in this section. We have suppressed the index λ in this decomposition, since the Bogolyubov coefficients are the same for both helicities. For t t * , the mode is in the adiabatic vacuum α = 1 (up to an arbitrary phase); the quantity |β| 2 is the occupation number of the gauge modes. The gauge field modes satisfy A + ω 2 A = 0. With the approximated expression (27) , this equation can be analytically solved in terms of two parabolic cylinder functions. The linear combination satisfying the proper initial condition α = 1 gives (up to an arbitrary phase) [17, 21] 
Namely, one finds a O (1) occupation number for modes up to k √ṁ * , while the production is exponentially suppressed at higher momenta. An analogous result is obtained for scalar [17] and fermion [37] fields produced by a mass varying as in (27) . This result is valid provided that
where (as we mentioned previously) the first condition ensures that the expansion of the universe can be disregarded during the interval of particle production, while the second condition imposes that the kinetic energy of ψ is negligible with respect to the inflaton energy density.
Having the mode functions, we can now compute the correlators (13) . The correlators need to be regularized. The regularization can be performed by normal ordering with respect to the time dependent annihilation creation operatorsā
where α and β assume the asymptotic values (29) . As we anticipated, this expression is real and symmetric under τ ↔ τ .
The same result (34) is obtained if one computes Ã i τ, k Ã i τ , k without normal ordering, and then subtracts the term that one would have in absence of particle production (α = 1, β = 0), as done in [39] . Therefore these two regularizations are equivalent after the particle production has taken place. For further convenience, we extend the definition (13) to
We compute these quantities by using (28) . After α and β have assumed the asymptotic values (29) , the correlators of our interest become
7 This procedure is conventionally adopted in Bogolyubov computations, although it is not always spelled out; indeed, the initial Hamiltonian, without normal ordering, can be cast in the formĤ = d 3 k ω kN , where the counting operator isN =āā † +ā †ā
2
. One then defines normal ordering wrt the barred operators, :N :=ā †ā , and evaluates :N : using (31) and recalling that the vacuum is annihilated by the original time-independent a; only in this way one obtains :N : = |β| 2 . We employ the exact same procedure for evaluating the correlators D.
We note that in the regime in which (34) and (36) 
, and analogously for the other terms. Namely, in this regime, time derivatives can be equivalently taken before or after evaluating the correlator. One can verify that (for the regularized correlators) this is not the case during the particle production, when α and β are still functions of time.
A. Scalar perturbations sourced by the vector modes
We are interested in the phenomenological consequences of the vector field production in the model (26) . As mentioned in the Introduction, we work under the assumption that the Ψ − A µ sector has a negligible energy density with respect to the inflationary sector, and that the two sectors are coupled only gravitationally. Under these assumptions, the main signature of the particle production is encoded in how the gauge quanta enter in the gravitational equations. In this subsection we study the effect on the scalar metric and inflaton perturbations; the effect on the tensor modes is computed in the next subsection.
We divide the computation in 3 parts; in the first one, we present the master equation for the density perturbation ζ; in the second and the third part we compute, respectively, the power spectrum and the bispectrum of the part of ζ sourced by the vector quanta.
Master equation for ζ
We perform computations in the spatially flat gauge δg ij,scalar = 0. We then decompose the fields into background + first order + second order perturbations; for example, for the inflaton field we write
(dots denotes perturbations of higher order, that we ignore). Under our working assumption that Ψ gives a negligible contribution both to the background energy density, and to the cosmological perturbations (which is certainly the case, if ρ Ψ is sufficiently small), the gauge curvature perturbations ζ in this gauge is
We are interested in a master equation for ζ. We follow the same steps outlined in Section 5 of [45] . We start from the inflaton equation of motion
Formally, only perturbations of the inflaton and of the metric enter in this equation. However, one can use the gravitational equations to express the modes δg 00 and δg 0i in terms of the other perturbations,
and then insert these expressions back into (39) . The explicit expressions for (40) can be most directly obtained from the Einstein equations. 8 The vector field modes enter in these equations through their contribution to the energy momentum tensor
Equivalently, we can eliminate the δg 00 and δg 0i modes from the action using the so called energy and momentum constraints in the ADM formalism. Clearly, this is equivalent to using (40) at the level of the equations. Both methods are presented in [45] . The net result is that (39) can be put into a master equation in terms of ϕ i , A µ , and h ij . The master equation, in absence of gauge fields, was first derived in [65] .
As one can readily employ the same exact steps outlined in [45] to the current model, we do not repeat those computations here. There are only two changes that need to be taken into account when one repeats the computations of [45] for the present model. Firstly, in the model of [45] the vector field had a direct coupling to the inflaton ∆L = − α 4f ϕFF ; here the coupling is absent, so we simply formally take α f = 0 in all the steps of [45] . Secondly, the vector field was taken to be massless in [45] , while it is massive here. This amounts in the additional contributions proportional to the vector mass given in (41), or equivalently, in the extra term in the cubic action for the perturbations in the ADM formalism
where N is the lapse factor. As the energy-momentum tensor (41) is quadratic in the gauge field modes, the first order metric and inflaton perturbations are not affected by the gauge field. Therefore the master equation at first order reproduces the standard first order expression
The approximation symbol arises because on the left hand side of this expression we have disregarded a "mass term" for ϕ 1 which is proportional to the slow roll parameters (the same is true for eq.
The reason for this is that we are not interested in slow roll corrections to our results. At next order in perturbations theory we find instead
Dots denote terms which are proportional to squares of the first order inflaton and tensor metric perturbations, namely they are of O ϕ 1,ij (we recall that δΨ can be disregarded); these terms are explicitly given in [65] . The "electric" and "magnetic" fileds are defined in analogy to the electromagnetic expressions, namely
The expression (45) should be compared with eq. (5.15) of [45] . Also here we have disregarded the inflaton "mass term", which is given instead in [45] at leading order in slow roll approximation. The expression in [45] had a term resulting from the direct inflaton-vector field coupling, that is absent in the present model. 10 On the other hand, the final term in (45) -proportional to the vector mass -is absent in [45] . Finally, we note the presence of a typo (a missing H) in eq. (5.15) of [45] .
Scalar source and power spectrum
Identifying the decompositions (2) and (37), the two equations (43) and (45) can then be combined into a unique linear non-homogeneous differential equation for Q ϕ , which is formally of the type (3), in terms of the two sources
Namely, the source J is obtained from the terms explicitly written on right hand side of (45), whileJ is obtained from the terms denoted with dots. The two sources are uncorrelated, and therefore the two particular solutions sourced by them can be obtained independently. The solution sourced byJ is the one emerging from cosmological second order perturbation theory in absence of gauge fields. For standard scalar field slow roll inflation, this term provides a negligible contribution to the power spectrum, and unobservable non-Gaussianity. Therefore, we disregard this term in this work. In Appendix B we show that
where we are using the notation
It is worth noting that the source does not diverge as k → 0; this is not immediate from (45), since one term contains an inverse laplacian. See Appendix B for details.
From (48) we see that, for this model, the source is formally of the type (4), witĥ
We insert this operator in (19); we also use the fact that D (σ) (0,0) is actually helicity independent in this model, so that the sum over the helicity σ is limited to σ P (σ) (14) -and analogously for the sum over σ . Moreover, in the integrand we approximate p − k p. 11 We obtain
where we have omitted the suffix (σ) from the correlators (since they are σ−independent in this model). By inserting the expressions (34) and (36) for the correlators, and by performing the angular integrals, we obtain
, and where the Bogolyubov coefficients are evaluated after the particle production, and given in (29) . To obtain this expression we have disregarded p with respect to M inside the mode functions f p present inside the correlators. This is appropriate since, as we shall see, the integrand is peaked at p ∼ √ṁ * M . The curly parenthesis in (52) contains several terms proportional to the fast oscillating phase e iγ . All these terms give a negligible contribution to the final result. To see this, we can separate the momentum and time integrals in this expression, and obtain
11 The reason for this is that, as we shall see, the signal from particle production is maximal at k ∼ H (namely, for modes of the size of the horizon when particle production occurs; recall that the scale factor is normalized to one at the moment of particle production). We shall also see that the source integrand is peaked at p ∼ √ṁ * . We therefore have k p due to (30) .
Using the expression (10) for the Green function, the expression
(in the last equality we have used the fact that a (τ * ) = 1) we find, in the super-horizon −kτ 1 limit (in practice, we introduce the integration variable y = −kτ , and we integrate it from 0 to −kτ * , rather than from −kτ to −kτ * ),
where the generalized hypergeometric function evaluates to ∼ 1 for k H and to ∼ 27π 2
The time integral in the exponent of E can be done analytically, and, leads to
Sinceṁ * H, the term in curly parenthesis is rapidly oscillating unless y ≡ τ τ *
1. This however means that the integrand is peaked at the moment in which the particle production is taking place. In our computation we used the asymptotic values (29) for α, β (valid once particle production has completed). Therefore we only provide an upper bound on E k . It is easy to verify that instead the integrand of T k is dominated by times at which (29) hold.
Provided that k √ṁ * (which is true in the range of our interest, since the occupation number of the gauge field is exponentially suppressed in the opposite regime), we can keep in the integral only the fast oscillating term, and the log term, and obtain the estimate
for the upper bound. We indeed see that
1. This confirms that the oscillatory terms in (52) -or (53) -provide a negligible contribution to the final result. Performing the momentum integral we finally obtain
while the result is exponentially suppressed and uninteresting at larger momenta. The exponential suppression of the spectrum is due to the fact that the occupation numbers of the vector particles are exponentially suppressed at such large momenta, see eq. (29) . We discuss this result in Subsection III C.
Scalar bispectrum
We now evaluate the formal expression (24) for the bispectrum in this model. This expression contains various intermediate quantities that have been given above. Explicitly, we write the green functions in eq. (10), the projection operators in eq. (14), the operator O ϕ in eq. (50) , and the correlators in eqs. (34) and (36) . The computation follows the same steps presented in the previous Subsection for P ζ . Also in this case we use the approximation k p M , and we find that the terms with a fast oscillating phase in the final time integral can be disregarded. We obtain
This corresponds to the effective equilateral nonlinear parameter (25) 
where we have used the numerical value P ζ 2.5 · 10 −9 for the power spectrum. Analogous to the sourced part of the power spectrum (59), the bispectrum and the nonlinear parameter are exponentially suppressed and uninteresting at larger momenta.
B. Gravity waves sourced by the vector modes
We now compute the amount of gravity waves sourced by the produced gauge fields. Inserting the energy momentum tensor (41) for this model in the general expression (7), we see that the source is formally of the type (8) with
where we recall our notation (49) . It is instructive to compare this expression with the analogous operator in the source of the scalar perturbations, given in (50) . In writing (50) we disregarded terms proportional to spatial momenta p and p − k p with respect to time derivatives and the mass M . The reason for this is that k p M , as we explained after (52) . As a consequence, time derivatives acting on a mode also give ∂ τ A ∼ M A pA, and should be retained in the operator, when compared to spatial momenta. Disregarding the momentum terms is correct for the scalar source. However, we see that in (62) the time derivatives enter with an opposite sign to M 2 . As a consequence, the dominant contributions from the first two terms in (62) cancel against each other, and therefore we need to keep the complete structure. We now show explicitly how the cancellation arises.
We insert the operator (62) in the formal expression (21) for the power in the tensor modes. The other intermediate quantities entering in (21) are the Green functions, given in (10), the projection operators, given in (14) , and the correlators, given in (34) and (36) . We obtain 12 P λ,s = 2k
where we have disregarded k as compared to p. This expression is analogous to eq. (51) for P ζ , with the difference that here we have already performed the trivial angular integrals of d 3 p. Terms without p in the curly parenthesis are obtained from the square of the first term
in (62) ( recall that two O λ enter in P λ ) . We note that the structure −∂ (63) is a sum of squares of correlators. In each square, most terms present fast oscillating phases; as we shall see, these terms give a negligible contribution to the final result once the time integrals are performed. This is analogous to |T | |E| in eq. (54) . Squaring the expressions (34) and (36) we obtain
We recall that ω p (τ i ) = M (τ i ) 2 + p 2 , and that momentum integrand has its support in the region p M (τ i ). We see, however, that the O M 4 and O M 2 parts of the curly parenthesis in (63) cancel for the non-oscillatory contributions (64) .
Using the full expressions (34) and (36) for the correlators, we obtain
where γ (τ i ) are the oscillatory phases defined immediately after (52) . The first term in the curly parenthesis is obtained from the non-oscillatory parts (64), and we see that it is indeed of O p 4 . As we shall see, this is the term that dominates the final result.
Eq. (65) is therefore characterized by a part without oscillatory phase plus a part with one oscillatory phase plus a part with two oscillatory phases. For each part we only take the leading prefactor in the p M (τ i ) regime. This expression then rewrites
We evaluate the time integrals after the particle production (τ > τ min ), so that α p and β p can indeed be taken as constant. Particle production is completed when ω can approximate ω p M a m, with m given in (55) . We then obtain the expressioñ
where the integration variable in the first expression is y = −Hτ . In going from the first to the second line we have used the fact that the integrand is peaked at the asymptotically early times, while in the final expression we have used H √ṁ * . We note that the result is only logarithmically sensitive to the difference between τ min and τ * .
Under the approximation ω M , the integralẼ k coincides with the integral E k defined in (54) (we actually notice that |Ẽ k | < ∼ |E k |). We obtained an upper bound for this quantity in (58) . The relative contribution of the two time integrals to (66) can therefore be estimated as
This shows that the oscillatory integralẼ k can be disregarded in our estimate of P λ,s ,
Using the results (29), we finally obtain
while the result is exponentially suppressed and uninteresting at larger momenta. We discuss this result in Subsection III C. In these last two expressions we have emphasized that in this computation we have considered only the gravity waves sourced by the transverse modes of the gauge field. In Appendix A we present the full computation, including also the longitudinal vector polarization. We find that the expression (70) is replaced by
where α L and β L are the Bogolyubov coefficients of the longitudinal mode. Namely, we see that, if they are produced in the same amount, the longitudinal quanta contribute to the gravity waves as one transverse polarization. This results in a factor 
C. Phenomenology
The observable spectrum of curvature fluctuations in the model (26) is given by the sum of the sourced contribution and the usual nearly scale-invariant contribution from the vacuum fluctuations; see section II. The sourced part of the spectrum in the model (26) leads to a localized "bump" feature in the primordial power spectrum for scales leaving the horizon at the moment t = t * , when the gauge fields are produced. We have illustrated this feature in the left panel of Fig. 1 for an arbitrary choice of parameters. The most stringent observational constraints on the model (26) come from non-observation of such localized bump features. These observational constraints are the subject of this subsection.
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We can write the total observable power spectrum in the following form:
The spectrum of the vacuum fluctuations are characterized as usual: k p is the pivot scale (taken to be 0.002 Mpc −1 , consistent with [66] ) while the amplitude and tilt are given by Here all quantities are understood to be evaluated at the moment when the pivot scale left the horizon. The sourced contribution in (73) describes a localized bump-like feature that we characterize by an amplitude A b , a location k b , and a "shape function" S b . The shape and amplitude are given by:
The shape function has been constructed so that the global maximum is S b (x = 1) = 1, meaning that the feature in (73) reaches its maximum value, A b , when k = k b . For this work we assume that particle production could have taken place at any moment during inflation, so the location of the feature is treated as arbitrary.
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The bump-like feature (75) is very similar to the one that would be generated due to instantaneous production during inflation of scalar particles directly coupled to the inflaton. The signatures of scalar particle production during inflation, including important rescattering effects, were fully derived in [39] . The phenomenology of the bumplike feature in the curvature spectrum was subsequently studied in [40] . (See [41] for a discussion of non-Gaussian signatures and [42] for a review.) To derive observational constraints we follow closely the analysis in [40] and replace the somewhat complicated shape function (75) by the following simple fitting function
which, again, is normalized to have maximal value unity at x = 1. In the right panel of Fig. 1 we show that the simple formula (76) provides an adequate description of the feature. In [40] , a variety of data sets were used to perform a detailed analysis of the observational constraints on localized features with shape (76); we refer the reader to that paper for a discussion of the methodology. See also [67] for forecast constraints from Large Scale Structure data, and see [51] for a discussion of both current and forecasted constraints from measurements of the CMB energy spectrum. In the present work we are mostly interested in a feature localized on CMB scales, in which case the likelihood contours presented in [40] are approximately flat and the observational bound can be roughly summarized as:
Since the sourced part needs to be subdominant in the power spectrum, P = 2.5 · 10 −9 ; then, the bound (77) can be expressed asṁ
(Recall thatṁ 1/2 * H and 1 are both required for theoretical consistency.) We will see shortly that the observational bound (78) excludes the possibility of having any interesting effect from particle production in the tensor spectrum.
So far we have discussed the bump-like feature in the spectrum of curvature perturbations. However, there will also be a corresponding localized feature in the bispectrum. This kind of localized non-Gaussianity is very far from scale invariant and hence quite different from the bispectrum templates that are most often used in data analysis. To get a very rough sense of the amplitude of non-Gaussianity in our model, we have computed the effective (k-dependent) f equil N L (k) parameter, which exhibits a bump-like structure. This parameter assumes the maximal value:
where P = 2.5 · 10 −9 has been used in the first equality and the upper bound comes from imposing (78) . It should be emphasized that existing observational constraints (or forecasts) on f equil N L cannot be applied directly to (79) . A dedicated search for this type of localized non-Gaussianity would be interesting, however, it is beyond the scope of this paper. (See also [41, 68] for a discussion about localized non-Gaussianities from scalar particle production during inflation.) In the event of a detection of a bump in the power spectrum, localized non-Gaussian features could play an important role to falsify (or support) models of particle production during inflation.
Using our result (71), the total primordial tensor spectrum in the model (26) is given by
where in the shape function
the scale x is normalized as in the scalar shape function (75) . The shape function is maximized at x = k k b 0.53, where it evaluates to 1.
To estimate the amplitude of the gravitational wave signal that can be obtained from particle production, we evaluate the tensor-to-scalar ratio on scales where the second term in (80) is maximized. Assuming the observational constraint (78) is satisfied we can approximate P ζ ≈ P ζ,v = 2.5 · 10 −9 and we find:
Using (78) and < ∼ 0.006 (corresponding to r vac < ∼ 0.1) it is straightforward to show that the sourced contribution to (82) is always < ∼ 10 −6 , which is undetectably small. We conclude that an observationally interesting signature in gravitational waves cannot be obtained in the model (26) .
Before concluding, we note that the estimates presented here should be interpreted as lower bounds on the efficiency of particle production effects. We have considered only a single instance where ψ = 0, leading to a single burst of vector particle production. However, in a concrete model one could expect ψ to undergo damped oscillations about the minimum of its potential, passing through zero several times before its kinetic energy is dissipated due to Hubble friction or backreaction effects. In such a scenario resonance effects would be expected to enhance the occupation number of the produced gauge fields by some factor E that could, in principle, be 1. The enhancement n k → En k leads to a factor of E 2 in the sourced contribution to the tensor spectrum, so that the relevant term in (82) becomes
where we still assume that the scalar spectrum is dominated by the vacuum fluctuations. The sourced part of the scalar spectrum also gets enhanced by a factor of E 2 , so the bound (78) becomes stronger:
Combining these results we find:
The value E > ∼ 200 −1 gives r s ∼ 0.01 at the bump. It would be interesting to study under which conditions this value can be reached in a concrete model.
D. Comparison with GW sourced by modes of different spins
In Subsection III B, we have computed the power in gravity waves sourced by vector fields produced in the model (26) . Schematically, the sourced part of the power spectrum is P λ ∝ d 3 p T T , where T is the traceless-transverse spatial part of the energy-momentum tensor of source (the gauge fields, in this case) with appropriate contraction. The spatial part of the energy momentum tensor contain dominant terms that scale as T ij ∼ M 2 A i A j in the M p limit (we recall that p and M are, respectively, the momentum and mass of the quanta sourcing the gravity waves). One could therefore conclude that P λ ∝ dp p 2 M 4 . However, we showed that the dominant terms cancel against each other. Also the next to leading term in a p 2 M 2 Taylor expansion of the integral cancel, and one is left with P λ ∝ dp p 6 , see eq. (70) .
In Appendix D we performed the analogous computation using fermion fields rather than vector fields as sources. In this case the spatial part of the energy-momentum tensor has terms of the type T ij ∼χγ i p j χ, and one may conclude that P λ ∝ dp p 4 M 2 (the factor M 2 coming from the different normalization of the fermion wave function with respect to the vector one, compare the function f in (28) and in (D6)). Also in this case there is however a cancellation, resulting in χ 2 ∝ p 2 , see eq. (D15), and in P λ ∝ dp p 6 , see eq. (D16). These two scalings agree with that obtained if the source is a scalar particle. In this case, T ij ∝ p i p j φ 2 , and one immediately has P λ ∝ dp p 6 without any cancellation. In fact, from our results (70) and (D16), and from the result for the analogous computation with a scalar source given in [21] , we obtain a very general expression for the power spectrum:
where s is the spin of the sourcing field, and g s is the number of degrees of freedom of that field: g s = 1 for a scalar, g s = 2 for a vector if the longitudinal mode is produced in a negligible amount (g s = 3 if it is produced in the same amount as each transverse mode), and g s = 4 for a Dirac fermion. We see that, apart from the difference in the number of degrees of freedom, and a small difference due to the spin statistics, the different fields in the nonrelativistic regime M p have a comparable quadrupole moment (transverse and traceless projection of T ij ) and generate a comparable amount of gravity waves.
IV. MODEL II: VECTOR PRODUCED BY A PSEUDO-SCALAR INTERACTION
In this section we consider the following model
In addition to a standard inflationary sector, we have introduced a "hidden" sector consisting of a light pseudoscalar, ψ, and a U (1) gauge field, A µ , whose energy density is small as compared to that of the inflaton (so that the Friedmann equation takes the usual form 3H 2 M 2 p ≈ V (φ)). As in section III, the hidden sector in (87) has been introduced so that the production of gauge field fluctuations can provide a new source of inflationary gravitational waves, complementary to the usual quantum vacuum fluctuations of the tensor part of the metric. Unlike the model of section III, however, we will see that particle production in the theory (87) occurs continuously during inflation, leading to broad-band signatures rather than localized features in the scalar and tensor n-point correlation functions.
The coupling ψ (0) (t)FF of the gauge field to the time-dependent pseudoscalar condensate leads to an exponential production of fluctuations A µ . This effect has already been discussed at length in the literature -see Refs. [43] [44] [45] , for example -and here we only review the key features that will be necessary for our analysis. Employing the decomposition (1) we find the following linearized equation of motion of the gauge field mode functions
If the pseudoscalar is in an overdamped regime then the parameter ξ can be treated as a constant. Moreover, we assume thatψ (0) > 0 so that the "+" helicity state of the gauge field gets copiously produced while the "−" state remains in the vacuum and its effect is renormalized away. 15 The properly normalized solutions of (88) can be written as [43] A + (τ, k) ≈ −τ 8ξk
This solution is valid only in the phase space interval 1 8ξ
−kτ 2ξ, where the production of gauge fluctuations is most important. By restricting ourselves to this regime we effectively cut-off an ultra-violet divergence associated with the usual quantum vacuum fluctuations of the gauge field on sub-horizon scales; see [45] for more discussion. We have also assumed that ξ > ∼ O (1) , so that the phase space of produced fluctuations is non-trivial and each mode experiences a significant exponential enhancement, e πξ 1, near horizon crossing. (For ξ < 1 there is no interesting particle production in the model.)
We are interested in a scenario where inflation is driven by the potential energy of the ϕ field, so that 3H 2 M 2 p ≈ V (ϕ); the "hidden" sector in (87) instead should give a small contribution to the total energy density of the universe. This requirement imposes several constraints on the model parameters, which we now discuss. We must first require that the energy density in the produced gauge field fluctuations is smaller than the kinetic energy of ψ,
where the "electric" and "magnetic" fields are
Using the solution (89) to evaluate the expectation value [45] , the condition (90) can be written as:
We also require that the energy density of the rolling pseudoscalar can be neglected with respect to that of the inflaton:
Finally, we require that ξ is adiabatically evolving,ξ H ξ =ψ (0)
, so that it is appropriate to treat it as nearly constant during the time interval in which each mode of A is relevant (namely, close to horizon crossing, when the mode is produced, and affect cosmological perturbations). As |Ḣ H 2 | 1 during inflation, we need to requirë
where in the last condition we have approximated U (ψ) as a quadratic potential, and we have required the evolution of ψ (0) to be in the overdamped regime. Throughout our analysis we will require that the conditions (91), (92), and (93) are simultaneously satisfied (these conditions are discussed at the end of Subsection IV C).
The background equation for the pseudoscalar reads:
It is interesting to note that the condition (91) guarantees right hand side of this equation can be disregarded. Indeed [45] :
which is implied by (91).
The quantity D (λ) introduced in (13) characterizes the two-point function of the produced gauge field fluctuations. This function, and its derivative, can be written explicitly in terms of the c-number mode functions as
Considering only the "+" helicity state and using the approximate solution (89) we have
A. Scalar perturbations sourced by the vector modes
The master equation
The hidden sector in (87) decouples from the inflaton in the limit M p → ∞. However, at finite M p , gravitational couplings will transmit the effects of particle production in the hidden sector to the inflaton perturbations, modifying the usual predictions for the observable curvature fluctuations. To see this effect we follow closely the analysis of subsection III A and derive a master equation for the inflaton perturbations in the model (87). At linear order in perturbation theory we have recovered the standard result
where we work to leading order in slow roll parameters. At second order, instead, we have the following equation of motion
which is formally equivalent to (45) with m 2 → 0. In (99) the · · · schematically denotes terms involving ϕ πξ that characterize the gauge field modes (89) and may therefore be neglected.
As we did in Subsection III A, both the first and second order equations can be combined into the single master equation (3) . The first order mode ϕ 1 is the homogeneous solution of this master equation, while the second order ϕ 2 is the particular solution of this master equation. The source in the master equation can be written as a sum of two terms
(100)
The source J 2 is associated with the second term on the right hand side of (99), which is non-local in position space. We show in Appendix C that this term is actually infra-red finite, and that the full source can be cast in the form
where we have defined the "electric" and "magnetic" field operators asẼ i (τ,
This expression appears simpler than the corresponding source (48) in the previous model, due to the fact that only the modes A + are relevant here. In this model the energy density in the "electric" field dominates over that in the "magnetic" field [45] . Dropping terms involvingB i we have a source term of the form (4) where the model-dependent operator can be approximated byÔ
where we recall our notation (49).
Two-point and three-point correlation functions
We now proceed to compute the two-point and three-point correlation functions of the gauge invariant curvature perturbation, ζ. We are only interested in contributions that are sourced by particle production effects, since the vacuum fluctuations in the model (87) are standard. The sourced contribution to the power spectrum of ζ is given by (19) . As discussed above, we only consider the σ = + contributions in the sum over helicity states. Using the explicit expression (102) for the operatorÔ, along with the identity (14), we find that (19) can be written as
Next we insert our previous result (97) for D
(1,1) . Since we are interested in computing the spectrum at late times, the explicit expression (10) for the Green function can be employed. The sourced power spectrum takes the form
where we have introduced dimensionless variables q ≡ p/k andk ≡ k/k. The dimensionless time integral is defined as
(notice that z ≡ −kτ ). In the super-horizon regime, −kτ 1, we can set the lower bound of integration to zero. Moreover, particle production effects are most interesting in the regime ξ > ∼ O(1), in which case the integral (105) has most of its support in the region z 1 where we can approximate sin z − z cos z ≈ z 3 3 . Hence, we have the following analytical approximation
Finally, the momentum integral in (104) must be performed numerically, giving the final result
The computation of the three-point correlation function is completely analogous to the derivation that we have outlined for the source power spectrum. Here we simply state the final result for the bispectrum in the equilateral configuration:
The reason for considering the equilateral configuration is that, in this model, the source at any moment is dominated by modes with wavelength comparable to the horizon at that moment. This generates mostly correlations between scalar perturbations of comparable size [44, 45] .
B. Gravity waves sourced by the vector modes
The produced gauge field fluctuations that are described by the mode solution (89) carry anisotropic stress/energy and provide a source of gravitational wave fluctuations that is complimentary to the standard quantum vacuum fluctuations from inflation. 16 The computation of the gravitational wave spectrum in the model (87) follows closely what we had for the the curvature perturbation. Moreover, this computation has in fact already been performed in [44] [45] [46] . Therefore we simply state the final result:
The first term in the square braces corresponds to the usual contribution from the quantum vacuum fluctuations of the graviton, and the two helicities have equal power. The second term, on the other hand, corresponds to gravitational wave perturbations that have been sourced by particle production effects in the hidden sector. The production is much more significant for the h + mode, due to the fact that the source consists of only A + modes.
C. Phenomenology
In this subsection we explore the phenomenology of the scalar and tensor cosmological fluctuations in the model (87). We first consider the spectrum of curvature fluctuations. The total observable power spectrum is the sum of (107) and the standard result for the vacuum fluctuations (see the general result in eq. (19)). Explicitly we have
where the first term in the square braces is the usual spectrum from quantum vacuum fluctuations, while the second term is the sourced contribution coming from gauge field production in the model (87). Next, we consider the spectrum gravitational wave fluctuations. From (109) and (110) we can write the tensor-toscalar ratio as
When both the tensor and scalar spectra are dominated by the vacuum fluctuations we recover the standard result, r ≈ 16 . On the other hand, if the sourced contributions to (109) and (110) dominate then we have r ≈ 218, independently of model parameters. The current observational limit is r < ∼ 0.17 [69] , while r ∼ 0.01 might be detectable with future missions [1] . Since the expression (111) interpolates between 16 and 218, it follows that an observable signal can be obtained for any value of .
Let us now discuss the phenomenology of the scalar perturbations. From (110) and (111) we get
We therefore see that the scalar power spectrum is dominated by the vacuum part (P ζ P). Concerning the scalar bispectrum, the effective nonlinearity parameter is immediately obtained from (25) and (108):
The current CMB bound is −214 < f equil N L < 266 [70] while f N L ∼ O(10) might be accessible with Planck [71] . To obtain the correct amplitude of density fluctuations, we must impose the normalization condition P ζ = 2.5 · 10 −9 on CMB scales. We can use this condition to eliminate the parameter P in favour of ξ and . Having done so, the key observables r and f equil.eff N L then depend only on the model-dependent quantities ξ and , which in turn depend 16 At second order in cosmological perturbation theory tensor fluctuations can also be sourced by bi-linear combinations of the first order scalar fluctuations, δϕ and δψ. Neither of these exhibit the exponential enhancement that characterizes the linear gauge field perturbations -see equation (89) The tensor-to-scalar ratio as a function of ξ, for several illustrative choices of . The horizontal line corresponds to r = 0.1, the approximate current observational limit. Notice that an observable tensor-to-scalar ratio can be achieved for any inflationary potential, by suitably tuning the dynamics in the hidden sector. Right panel: The effective nonlinearity parameter as a function of ξ, for several illustrative choices of . The horizontal line corresponds to fNL = 266, the approximate current observational limit on non-Gaussianity.
on the inflationary potential and the dynamics of the hidden sector fields. In Fig. 2 we plot our results for r and f N L as a function of ξ, for various representative choices of .
The observational bound on the tensor-to-scalar ratio forces us into a region of parameter space where nonGaussianity is undetectably small. Therefore gravitational wave fluctuations constitute the most interesting phenomenology associated with the model (87). This is shown in Fig. 3 where we plot contours in the ξ − plane leading to various phenomenologically interesting scenarios. We note that our findings are relevant also for values of smaller than those shown in the figure. 
FIG. 3:
Here we plot contours in the ξ − plane leading to fNL = 266 (the current observational bound on non-Gaussianity), r = 0.1 (the current observational bound on tensor modes), and r = 0.01 (which may be detectable in the near future). The region above the solid red line is ruled out by producing too much non-Gaussianity while the region above the dashed green line is ruled out by non-detection of tensor fluctuations. We see that the non-Gaussianity bound is weaker, meaning that the dominant signature of the model comes from gravitational waves.
As discussed in [45, 46, 52] , the sourced contribution to the tensor spectrum is chiral; only one helicity state is efficiently sourced by the gauge field fluctuations (89). This effect may be detected through TB and EB correlations in the CMB [72, 73] . This was first explored by [46] in the case in which the inflaton is the pseudo-scalar sourcing the vector modes; in this case, the direct inflaton-gauge field coupling is so strong that, typically, the main bound on the gauge field production is given by the sourced scalar perturbations (non-gaussianity [44, 45] and, depending on the inflaton potential, increased power at small scales [23, 50] ). To overcome this, [46] assumed the presence of ∼ 1000 sourcing gauge fields (this decreases the amount of non-gaussianity), or the curvaton mechanism for the generation of the scalar perturbations. For some values of parameters, the signal can be above the 1σ detection line for a cosmic-variance limited experiment [46] . As we shall now discuss, a more optimistic conclusion is reached if one assumes that the gauge field production occurs in a sector only gravitationally coupled to the inflaton, as we have studied here.
A measure of the net handedness of the tensor modes is the following quantity:
which interpolates between zero (at small ξ, when the vacuum fluctuations dominate the tensor mode spectrum) and unity (at large ξ when the sourced GW dominate the tensor mode spectrum). In the final approximation we have used the fact that, for r < 0.1, the scalar power spectrum in this model is dominated by the vacuum modes. (87); each line is obtained for a fixed value of , and for varying ξ, with greater ξ corresponding to greater particle production, and therefore larger signal. Black/dotted lines: 1σ detection lines for the Planck (P), SPIDER (S), CMB-Pol (C), and a cosmic-variance limited (CV) experiment. The signal needs to be above a line to be detectable at 1σ by that experiment. These experimental forecasts are an approximate copy of the lines shown in Figure 2 of [73] .
In Figure 4 we plot the relation (114) in the r vs ∆χ plane, for a few representative values of ; each of the red/solid lines is characterized by a given , and by varying ξ (growing ξ leads to more gravity wave production, and therefore greater values of r and ξ). We stress that arbitrary large values of r in the range shown in the figure can be reached for any value of . As decreases, this requires a greater and greater amount of sourced modes, which in turn leads to a greater and greater ∆χ. This explain why, for any given obtained r, greater ∆χ correspond to smaller . These predictions are superimposed in the figure to 1σ detection lines from various experiments; from top to bottom, the lines shown are for the ongoing and forthcoming Planck (P) [71] and SPIDER (S) [74] experiments, for the suggested CMB-Pol experiment (C) [1] , and for a hypothetical cosmic-variance limited experiment (CV). The signal needs to be above a line to be detectable at 1σ by that experiment. These lines are taken by Figure 2 of [73] . We observe that, for some values of parameters, the parity-violation could be detected (at least at 1σ) already by the ongoing / forthcoming Planck and SPIDER experiments.
Before concluding this section, we comment on the constraints (91) and (92) which are necessary for the consistency of our calculation. We find: 0.074
where the first condition, obtained from (91), ensures that the energy density of the produced gauge quanta is smaller than the kinetic energy of ψ, while the second condition, obtained from (92), ensures that the energy density of ψ is smaller than that of the inflaton. The interval in (115) exists for any reasonable choice of model parameters, therefore we can always choose f /M p such that that various backreaction constraints are satisfied. The lower bound on the inflationary scale becomes simpler in the limit in which the sourced part of the gravity wave signal dominates over the vacuum one (which is the regime of most interest for our work). Using (111) in this regime, the lower limit in (115) can be expressed as:
where r has been chosen so that the gravity wave signal is observable in the near future (we note that this requires ξ ∼ 4 − 5). Finally, using (74), the condition (93) for the adiabatic evolution of ξ can be cast in the form
For a quadratic inflaton potential, m ϕ 6.4 · 10 −6 M p and √ 0.09 (for 60 e-folds of inflation). The condition (117) then rewrites m ψ 9m ϕ .
V. CONCLUSIONS
A large experimental effort is currently taking place to detect gravitational waves from inflation. The conventional vacuum signal will be detectable only if the scale of inflation is sufficiently high, V 1/4 > ∼ 10
16 GeV (corresponding to r > ∼ 0.01, or > ∼ 6 · 10 −4 in single field slow roll inflation). Does this imply that, for a lower scale, this experimental effort will be unsuccessful, or can we hope that an observable gravity wave signal can be obtained from some different mechanism ? And can we distinguish the gravity waves generated by this mechanism from the conventional vacuum ones ?
Recently, [21] and [22] considered the possible gravity signal from particle production taking place during inflation. A difficulty with this idea is that the same particle production will also source scalar perturbations; the observed scalar perturbations have properties in perfect agreement with standard vacuum fluctuations generated by the simplest inflationary model; in particular, they are gaussian to a very high degree, while there is no reason to expect that this should be the case for a generic model of particle production.
17 Therefore, any mechanism of gravity waves from inflation needs to explain why the mechanism has not already manifested itself in the scalar sector.
To evade this problem, [21] studied scenarios in which the particle production takes place (or increases at a sufficient level) only towards the end of inflation, so to generate gravity waves only at scales much smaller than the CMB ones. At these scales, the scalar perturbations are only constrained by primordial black holes (see for instance [75] for a recent study), which is a significantly weaker bound than those from non-gaussianity at the CMB scales. One of the scenarios of [21] was further studied in [23] to account for the backreaction of the produced particles on the background inflaton. It was shown in [23] that in this region the sourced gravity wave signal can already be observed by the next LIGO stage [4] . The main purpose of the present paper is to study whether an analogous mechanism can produce an observable gravity wave signal at CMB scales, without conflicting with the limits from non-gaussianity in the scalar sector.
Let us denote by X the field that is produced during inflation, and that sources the gravity waves. In the models considered in [21, 22] quanta of X are produced by the motion of the inflaton, which we denote by ϕ. This implies a direct coupling between the inflaton and the produced quanta. As a consequence, if the inflaton is the source of cosmological perturbations ζ, quanta of X will source ζ with a stronger than gravitational interaction. On the contrary, the source of gravity waves from X is of gravitational strength. To minimize the relative amount of produced ζ vs. produced gravity waves, in this work we made the opposite assumption of considering the weakest possible coupling (in standard gravitational theory) between X and the inflaton: namely, we assumed that ϕ and X are coupled only gravitationally. We therefore assumed that particle production occurs in a "hidden sector" and in this paper, for the first time, we computed the amount of scalar perturbations ζ induced by X through a purely gravitational interaction.
We then computed the amounts of gravity waves produced by X in these two models (for model II, we quote existing results), and we compared the two effects.
Clearly, there is a large arbitrariness in the choice of the model for particle production, and we do not claim our findings to be exhaustive; in particular, we did not study here the analogous of all the scenarios considered in [22] , where for instance multiple bursts of particle production, and production of strings were also studied. We study two models in which X is a vector field, which is produced by the motion of a field ψ = ϕ. In model I, the vector field has a mass term ψ (t) 2 A 2 , and quanta of A are produced when the classical value of ψ crosses zero. In model II the vector is continuously sourced by a pseudo-scalar ψ f FF interaction. The reasons for considering these two models is that, after the particle production, the vector quanta are highly massive in Model I, while massless in Model II. We showed that in the first case this gives rise to a strong suppression of the gravity wave signal with respect to the amount of scalar perturbations. In the remainder of this concluding section, we summarize our findings in these two models, together with some discussion.
1. Model I: The main signature of particle production in this model is a bump in the scalar power spectrum, at the scales that exited the horizon when the gauge quanta were produced. 18 If this bump will be observed, this mechanism can be supported / disproved by the presence/ absence of an analogous bump in the bispectrum, which we also computed here for the first time. The spectrum of gravity waves produced by the gauge quanta also presents a peak at the same scales, which -if sufficiently high -could distinguish them from the vacuum gravity waves. However, we found that -once the bound from not having observed a large bump in the scalar spectrum is respected -the amount of gravity waves produced in this model is completely unobservable (r < ∼ 10 −6 ). The relative smallness of the gravity waves vs scalar perturbations produced in the model may come as a surprise, due to the fact that the gauge quanta are coupled gravitationally to both these quantities. The reason for the suppression is due to the fact that the quanta are highly non-relativistic after they are produced. This highly suppresses their quadrupole moment, and the amount of gravity waves that they generate.
To verify this, we also computed the amount of gravity waves produced if the vector field is replaced by a fermion, with mass ∝ ψ (t). Ref. [21] computed the amount of gravity waves produced by a scalar with mass ∝ ψ (t). From our two results, and from the result of [21] for the scalar case, we actually obtained the very general formula (86) for the amount of gravity waves produced in all these cases. We see that there is no large enhancement between the different spins, apart from the proportionality of the final result to the number of degrees of freedom in each case.
We did not compute the amount of scalar perturbations ζ sourced in the fermionic case. However, we believe that also in this case the result will be analogous to the one that we have computed, and that therefore our conclusions on the relative importance of gravity waves vs scalar perturbations production apply for produced particles of any spin.
In this model, the vector field is massive after the production, and it therefore also possesses a longitudinal component. The results for this component are more model dependent than those of the transverse components: they depend on the specific choice of the potential U for ψ (the results for the transverse component are independent of U provided that it is smaller than the kinetic energy of ψ during particle production). The longitudinal mode may drive the theory out of perturbative regime when m ∝ ψ (t) → 0. We showed that this is avoided if the ratio 1 ψ dU dψ remains finite as ψ → 0. This is, for instance, the case if U ≈ 1 2 m 2 ψ ψ 2 at the origin. These considerations can be relevant for all the models in which symmetries are enhanced at some point during the cosmological evolution. For instance, we expect massive gauge modes to become massless when different branes move to the same bulk location as in the trapping mechanism of [76] . We also found that, for U ≈ Finally, it is worth pointing out that our study applies to a single instance of particle production. Things may be different in cases of multiple bursts of particle production; for instance, if the potential U does not flatten at large ψ, so that ψ performs oscillations about its minimum, gauge quanta will be produced at each oscillation, in a regime of parametric resonance [17] . We have found that the gravity wave signal can reach an interesting level if the parametric resonance enhances the amount of produced quanta by a factor of > ∼ 200 −1 with respect to the single episode of particle production ( being the slow roll parameter). It would be interesting to study under which conditions this value can be reached in a concrete model.
Model II:
The amount of gravity waves produced in this model was already computed in [44] [45] [46] . The novel computation in this work is the amount of scalar perturbations produced in this model under the assumption that the inflaton is only gravitationally coupled to the gauge field, and the comparison of the two effects. We found that coupling the inflaton only gravitationally sufficiently suppresses the amount of scalar modes generated in this model, so that the limits from non-gaussianity are irrelevant when compared to those from gravity waves. Therefore, particle production in this model can lead to gravity waves observable at the CMB scales. Differently from Model I, the gravity waves in this model are produced at all scales, and not just with a localized bump. However, this signal may be distinguishable from the vacuum one since one gravity wave helicity is produced in a much stronger amount than the other one, and this can lead [46] to observable nonvanishing TB and EB correlations in the CMB [72, 73] .
Ref. [46] already studied whether the parity violation in the sourced gravity waves produced by this model can be observed. Also in that case, the problem was to suppress the non-gaussianity of the scalar perturbations produced by the gauge field [44] . This was overcome in [46] by assuming the presence of ∼ 1000 sourcing gauge fields, or the curvaton mechanism for the generation of the scalar perturbations. It was shown in [46] that, under these assumptions, and for some values of parameters, the parity-violation signal can be above the 1σ detection line for a cosmic-variance limited experiment [46] . We have seen that in our implementation of the mechanism (namely, by assuming that the gauge field is only gravitationally coupled to the inflaton) the parity violation can, for some choice of parameters, be observed already by the ongoing / forthcoming Planck and SPIDER experiments.
We have seen that backreaction bounds from this mechanism are under control for an axion scale f in the interval 10
Interestingly, the axion decay constant one typically finds in string theory is of the order of the GUT scale f ∼ 10
16 GeV (see, e.g., [63, 64] ) which fits comfortably within this window. Indeed, given the UV sensitivity of inflation, it is natural to ask whether one can realize our model in string theory. The low energy spectrum of string theory contains generically many axion-like particles, which arise from the reduction of antisymmetric p-form fields on p-cycles of the internal space.
19 These closed string axions have a pseudoscalar coupling ψFF to U (1) gauge fields on the worldvolume of D-branes. 20 In such string theory setting, it is not difficult to find inflaton candidates with no direct coupling to the axion-gauge field sector. For example, the inflaton can be another axion; the absence of direct couplings to the hidden sector follows from some topological and geometrical constraints. Consider a basis of p-cycles Σ i , and their dual p-forms ω j such that Σi ω j = δ j i . Two of such axions ψ = Σi C p , ϕ = Σj C p do not have kinetic mixing if ω i ∧ * ω j = 0. The absence of direct inflaton-gauge field ϕFF coupling is ensured by ω i ∧ω j = 0 whereω j is the 6 − p form dual to ω j , and F is the gauge field to which the axion ψ couples. In fact, the shift symmetries enjoyed by the axions may provide a natural explanation for why they remain as the light dynamical fields during inflation. The modest hierarchy of masses (see e.g., eq. (117)) can be reasonably accommodated without necessarily assuming an "axiverse" [79] . 21 , though having a hierarchy of axion masses offer more flexibilities. Clearly, more model building possibilities (with the inflaton being an axion or not) remain to be explored. We hope to return to such string theory realizations in the future.
break down in the m → 0 limit. This can be seen, for example, from the action of the longitudinal modes, as we now show.
Let us start by disregarding the perturbations of Ψ, as we do in the main text. Also, for simplicity, we disregard the expansion of the universe. As we have discussed in the main text, this is a good approximation as long as H √ṁ * . Then the mass of the vector field is a classical function of time, and the longitudinal mode is encoded in
The componentÃ 0 is non-dynamical (it enters in the action without time derivatives) and it can be integrated out. Namely, from (A1) we obtain the equationÃ
Plugging this solution back into (A1) leads to the action of the longitudinal mode
The fieldL is the canonical field associated with the longitudinal mode. We see that its equation of motion has a term that formally diverges as m → 0. 22 The formal reason for the divergence is that the kinetic term for the original longitudinal mode vanishes in this limit, as it appears from the relation betweenL andχ (A3). This is not surprising, since a massless vector has only transverse modes.
When, as in the present case, the U(1) symmetry is broken spontaneously, there is actually not a decrease of the number of degrees of freedom when the classical background part Ψ (0) vanishes. The physical mass term in the original action is obtained from L ⊃ e 2 |Ψ (0) (t) + δΨ| 2 A 2 , and the quantity that we have denoted by m in the main text is only related to the classical part, m 2 ≡ 2e 2 |Ψ (0) (t) | 2 . However, when Ψ (0) (t) = 0, the fluctuations of Ψ cannot be disregarded, and one does not obtain a truly massless vector mode at this point (compare this with what would happen if m was a hard and time dependent mass in the original theory; in this case there would be instead a discontinuity in the number of degrees of freedom at m = 0).
In short, a full study of the longitudinal sector would require going beyond the linearized theory; this may also affect the transverse sector, since all the sectors are coupled to each other beyond the linearized level. Here we use a simpler approach, and discuss under which conditions the longitudinal mode does not blow up in the linearized theory; if this is the case, then one can expect that dealing with the full theory is unnecessary. We note that these considerations apply for a general class of model in which symmetries are enhanced at some point during the cosmological evolution. For instance we expect massive gauge modes to become massless when different branes move to the same bulk location as in the trapping mechanism of [76] .
Using the background equations of motion, the dangerous factor m /m in the linearized computation (A3) rewrites
where the first two equations are exact, and in the final step we instead disregard the expansion of the universe. Therefore, the equation of motion ofL remain finite provided that U ,ψ /ψ does not diverge. This could be for instance the case for a quadratic potential U ∼ 1 2 m 2 ψ ψ 2 for ψ ∼ 0. In our computations, we assumed a constanṫ ψ (0) ≡ṁ * e , corresponding to ψ (0) =ṁ * e (t − t * ). As we discussed in the main text, this implies that the gauge fields are produced during the time interval ∆t ∼ 1 √ṁ * around t = t * . Then, for a quadratic potential, imposing that the potential energy gained by ψ (0) during this interval is smaller than its kinetic energy at t * (so thatψ (0) can indeed be taken as constant) amounts in requiring m ψ √ṁ * . This also ensures that the period of oscillations of ψ (0) is much greater than the time in which particle production takes place, so that one can indeed treat α and β as constant when computing the amount of perturbations sourced by the gauge modes. Using (A3), we computed the occupation number of longitudinal vector modes with U ∼ 1 2 m 2 ψ ψ 2 , and m ψ √ṁ * . We found that in this regime the longitudinal mode is produced in essentially the same amount as each transverse vector mode (for instance, we found that for m ψ = 0.1 √ṁ * the total number densities of the longitudinal and of one transverse polarization differ from each other by less than 1%). We stress however that this conclusion is model dependent, as the precise evolution of the effective frequency in (A3) depends on the details of U (ψ). On the contrary, the amounts of the transverse modes produced is independent of U , provided that it remains sufficiently smaller than the kinetic energy during the time of production.
In the remainder of this Appendix we study the spectrum of gravity waves produced in this model, once also the longitudinal modes are taken into account. When all modes are taken into account, we formally separate the energy momentum tensor (41) of the vector field into T T T µν + T LT µν + T LL µν , where the first term is quadratic in the transverse polarizations, and it is the only one used in the main text, while the third term is quadratic in the longitudinal polarization, and the second term is the "mixed term". Inserting the last two terms into (7) we obtain the two contributions 
In these expressions we have introduced the correlators χ (τ 1 , p 1 )χ (τ 2 , p 2 ) = C (0,0) [τ 1 , τ 2 ;
which evaluate to
where D 
where a L k is an annihilation operator, and
As in the computation of J T T λ J
T T λ
presented in the main text, the square of the correlators appearing in (A6) and (A7) contain terms proportional to fast oscillating phases, which give a negligible contribution to the final result. Disregarding these terms, we obtain
and
In these expressions, we have retained only the dominant contributions to the ω L in the adiabatic regime (namely, we have used M M 2 and M M 3 ). As in the computation of the main text, the terms without oscillatory phases are of O p 6 , as a consequence to a cancellation of the would be dominant terms in the transverse and traceless projection of the energy-momentum tensor. This cancellation is already visible in (A6) and (A7), see the discussion after the analogous expression (63) presented in the main text.
We see that the mixed term (A12) is suppressed in the adiabatic regime, and can be disregarded. From the (A14) we instead obtain
whereT k is defined in (67) . This contribution adds up to the one of the transverse modes leading to the result (72) given in the main text.
